Introduction
The urgent requirement to develop sources of clean and renewable energy has stimulated much interest in dye-sensitized solar cells (DSSCs) [1] . The general field of solar energy conversion is broad and includes many competing but related technologies [1g] .
Commonly used silicon solar cells, which exploit photon absorption by a p-n semiconductor junction, require materials of high purity. More recently developed inorganic thin film materials, like cadmium telluride or copper indium gallium selenide, contain toxic or rare elements. In the light of such considerations, the 1991 report by O'Regan and Grätzel of efficient photosensitization of a wide band-gap semiconductor by a trinuclear rutheniumbased dye [2] inspired much subsequent research. Complexes of Ru and some other metals with polypyridyl ligands such as 2,2′-bipyridyl (2,2′-bpy) typically display intense absorptions in the visible region due to metal-to-ligand charge-transfer (MLCT) transitions.
A DSSC contains a nanoparticulate film of a semiconductor, most commonly TiO 2 , coated with a dye monolayer. Most cells are based on a photoanode in which the photoexcited dye injects an electron into the conduction band of the semiconductor. The oxidised dye is then reduced back to its original state by a species in the electrolyte; this is usually an organic solvent containing the I -/I 3 -couple, but solid 'hole transporting' materials are also attractive. To achieve high power conversion efficiences, a number of aspects must be considered, but synthetic chemists have naturally focused on the structure of the sensitizer molecule. Amongst the key criteria for potentially useful operation are strong absorption across the entire visible region and the near-UV/IR, appropriate energy matching with and strong electronic coupling to the electrode surface (typically via carboxylate anchors), and high stability over many photoredox cycles.
Ru complexes have featured extensively also in the field of nonlinear optical (NLO) compounds [3] . Previously, we have studied complexes of 4,4′:2′,2′′:4′′,4′′′-quaterpyridinium ligands, R 2 qpy 2+ where R = Me, Ph, etc. These compounds include V-shaped dipoles with electron-donating cis-{Ru II (NH 3 ) 4 } 2+ centres [4] , and octupolar tris-chelates with a [Ru II (2,2′-bpy) 3 ] 2+ core [5, 6] . The MLCT absorption profiles of these complexes are especially broad and intense, with the tris-chelates displaying two well-resolved bands. Pyridinium groups are often used in NLO chromophores [7] , and as electron-accepting units in other photoactive molecular assemblies [8] . However, our recent report of N-arylstilbazolium species is the first time that pyridinium compounds have been used in DSSCs [9] . These purely organic dyes gave relatively modest efficiencies, but with substantial scope for improvement. In chromophores (R = 2-carboxyethyl or 2-propylphosphonic acid) have been described [10] .
We have investigated also complexes of the form cis-[Ru II (2,2′- (2,2′-bpy) 3 ] 2+ -based structures [11] . Here, we describe related complexes that contain the anionic thiocyanate coligand that is present in many of the most effective Ru-based sensitizers, together with analogous chloride species. 
Experimental

Materials, procedures and physical measurements
All reactions were performed under an Ar atmosphere. The precursor complex cisRu II Cl 2 (DMSO) 4 [12] and the proligand salts N′′, N′′′-dimethyl-4 [11] , were prepared according to published methods. All other reagents were obtained commercially and used as supplied. Products were dried overnight in a vacuum dessicator (CaSO 4 ) prior to characterisation.
1 H NMR spectra were recorded on a Bruker AV-400 or a Bruker AV-500 spectrometer and all shifts are referenced to TMS. The AABB patterns of pyridyl or phenyl rings are reported as simple doublets, with 'J values' referring to the two most intense peaks.
Elemental analyses were performed by the Microanalytical Laboratory, University of Manchester. IR spectroscopy was performed on solid samples by using an Excalibur BioRad FT-IR spectrometer, and UV-vis spectra were obtained by using a Shimadzu UV-2401 PC spectrophotometer. Mass spectra were measured by using MALDI on a Micromass Tof Spec 2e or +electrospray on a Micromass Platform II spectrometer with acetonitrile as the solvent. 4′:2′, 2′′:4′′, [(3, 5; H, 4.9; N, 7.8. Found: C, 56.4; H, 4.5; N, 7.6 . All of the compounds 2-6 were prepared in a manner similar to 1, by using the appropriate proligand salt to give dark blue solids. All of the compounds 9-13 (dark blue solids) were prepared and purified in a manner similar to 8, from an initial reaction exactly as for the corresponding chloride complex salt, and using a column eluant of 0.05 M NH 4 PF 6 in acetonitrile. (9) Yield: 43 mg (40%). δ H (400 MHz, CD 3 CN) 9.75 ( (11) Yield : and allowed to stand in a fume-cupboard for a few weeks. A crystal from this filtrate was selected at random. Data were collected on a Bruker APEX II CCD X-ray diffractometer by using MoK α radiation (λ = 0.71073 Å), and the data were processed by using the Bruker SAINT [13] and SADABS [14] software packages. The structure was solved by direct methods by using SHELXS-97 [15] , and refined by full-matrix least-squares on all F 0 2 data by using SHELXL-97 [16] . The asymmetric unit contains one trication with the atom N2 protonated, three HSO 4 -anions and three water molecules. All non-hydrogen atoms were refined anisotropically and most of the hydrogen atoms (except those bonded to N2, and in the water molecules and anions) were included in idealised positions by using the 'riding model', with thermal parameters of 1.2 times those of aromatic parent carbon atoms, and 1.5 times those of methyl parent carbons. All other calculations were carried out by using the SHELXTL package [17] . Crystallographic data and refinement details are presented in Table   1 . 
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Theoretical calculations
Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were carried out by using the Gaussian 03 software package [18] . The structures were optimised at the BP86 [19, 20] level by using the Def2-SV(P) [21] basis set, with inclusion of a conductor-like polarizable continuum model (CPCM) [22, 23] to take into account the solvent effect of DMSO for the complex in salt 14 (denoted 14′). The TD-DFT calculations on the complex in salt 7 (denoted 7′) were performed at the MPW1PW91 [24] /Def2-SV(P)
level with inclusion of a DMSO CPCM. The TD-DFT calculations on 14′ were also performed by using the MPW1PW91 functional and with a DMSO CPCM, but using the larger DGDZVP [25] basis set. The first 50 excited states were calculated in each case and UV-vis spectra were simulated by using the GaussSum program [26] . ZnO-based cells were fabricated as follows. The ZnO paste was prepared by using a 1:1 mixture of two commercial ZnO powders, Evonik VP AdNano@ZnO20 (particle size ca.
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20 nm) and PI-KEM (particle size ca. 50 nm). For thin film preparation, the mixture was dispersed in water and ethanol (30:70) and stirred overnight to obtain a colloidal suspension of 30 wt %. This suspension was spread onto previously cleaned FTO glass with a glass rod by using Scotch tape as spacer, and the film was then heated at 420 °C for 30 min. The ZnO substrates were coated with the test dyes in similar manner to the TiO 2 films, except that the immersion time was only 1 h. The counter electrode was prepared by spreading 15 μl of platisol (Solaronix) on the conductive side of TEC8 electrodes and subsequent annealing at 400 °C for 5 min. Cells were assembled exactly as those containing the TiO 2 films.
Three different electrolyte solutions were tested in the ZnO-based cells with the 
Current-voltage measurements
The current-voltage characteristics of the TiO 2 -based cells were measured using a solar simulator (Müller) equipped with 1 kW xenon lamp. The intensity of the illumination was calibrated with a standard silicon reference cell (Fraunhofer ISE) to provide 1 sun (100 mW cm -2 ). AM 1.5 and KG5 filters were used to minimize the mismatch between the solar simulator and the AM 1.5 solar spectrum. The current voltage plots were recorded by using a computer-controlled system (Whistonbrook).
The ZnO-based cells were characterised with a solar simulator (ABET) combined with a AM 1.5G filter. A reference cell with temperature output (Oriel, 91150) was used for calibrate the illumination output to 1 sun. Photocurrents, photovoltages and current-voltage curves were measured by using a 2400 Keithley SourceMeter. previously studied acid-finctionalised stilbazolium and complex salts are also shown [9, 11] .
Results and discussion
,(3)
Synthesis and characterisation
We have investigated previously Ru II complex salts of R 2 qpy 2+ ligands, largely for their interesting NLO properties [4] [5] [6] . More recently, we studied also species with a cis-{Ru II (2,2′-bpy) 2 } 2+ moiety coordinated to two such ligands (e.g. 19 and 20, Fig. 1 ) [11] , and the photosensitizer stilbazolium salts 15-18 [9] . The new complexes in salts 1-14 ( Fig. 1) were prepared partly to compare their optical and redox properties with these related known species, but also to assess the photosensitizing abilities of 7 and 14.
Attempts at preparing the new proligand salts [(3,5- The dithiocyanato complexes in 8-13 were prepared via their dichloro counterparts formed in situ, as in previous reports of neutral complexes [27] . Column chromatography on silica gel was used to purify these products as their PF 6 -salts, giving moderate yields of ca. NMR signals corresponding to the S-bound and N-bound isomers depend on the particular molecular structure.
Again, due to solubility considerations, the use of 2-methoxyethanol was necessary in order to access the carboxylic acid-functionalised complex salt 14. The reaction mixture was cooled only partially before adding excess NH 4 PF 6 , to prevent the complex from precipitating out as its NCS -salt. Notably, the solubilities of both 14 and 7 are poor, and appreciable in DMSO only. The identities and purities of all the new complex salts are confirmed by diagnostic 1 H NMR spectra, together with +electrospray or MALDI mass spectra for all except 7 and 14. IR spectra provide further characterisation data when ester, carboxylic acid or thiocyanate groups are present. CHN elemental analyses all fit satisfactorily for variable levels of hydration, typically observed for organic salts. This residual water resists drying under vacuum at room temperature (the samples were not heated in order to avoid any possible decomposition). the deshielding quaternised N atoms [11] . The assignments are reinforced by making comparisons with the spectra of related complexes, aided by COSY data. Cl‾ is more shielding than NCS‾, due to its higher electronegativity.
1 H NMR spectroscopy
The protons e and e′ are sensitive to the R substituent, as expected. Due to insolubility in CD 3 CN, the spectra of 7 and 14 could be recorded in CD 3 SOCD 3 only, so the spectra of 6 and 13 were obtained also in CD 3 SOCD 3 . Comparing the spectra of 6/7 and 13/14, the doublet signals corresponding to the phenyl protons are shifted upfield only slightly on changing from an ester to a carboxylic acid substituent. 
Electronic spectroscopy
UV-vis absorption data for 1-6 and 8-13 measured in acetonitrile, and for 7 and 14 in DMSO are presented in Table 3 . Representative spectra are shown in Figs. 3-5. Table 3 UV-vis absorption and electrochemical data for the complex salts 1-14. c E pa for an irreversible oxidation process.
d E pc for an irreversible reduction process.
The UV-vis spectra of all the new complex salts feature an intense π → π* absorption in the UV region and also two overlapped visible MLCT bands. The low energy (LE) MLCT band is more intense and hence generally more distinct than its counterpart to high energy (HE). The related complexes [Ru II (R 2 qpy 2+ ) 3 ] 8+ also show two resolved bands, and both experimental trends and DFT calculations show that these arise from MLCT to the 2,2′-bpy and pyridinium groups, with the latter transitions corresponding to the HE bands [5] . A similar pattern is observed also for 1-6 and 8-13; the E max value for the LE band varies by only ca. 0.1 eV when R is changed, while the HE band E max varies by up to 0.2 eV. Fig. 3 . UV-vis absorption spectra of the complex salts 1 (blue), 4 (red) and 6 (green) in acetonitrile at 293 K.
Within the dichloro (1-6) and dithiocyanato (8) (9) (10) (11) (12) (13) series, the energies of both MLCT bands decrease as the acceptor strength of the substituent on the R 2 qpy 2+ ligand increases (Figs. 3 and 4) . Based on these energies, the electron-withdrawing strength of R in both series is Me < Ph ≤ 4-AcPh ≤ 4-MCPh = 3,5-MC 2 Ph < 2-Pym, similar to that indicated by the 1 H NMR data (see above replacing Cl‾ with NCS‾, blue-shifts of ca. 0.2 eV are observed for both the MLCT bands (Fig. 5 ), in keeping with the expected stronger electron-donating ability of Cl‾. As in acetonitrile, changing the ancillary ligand from Cl‾ to NCS‾ increases the energies of both MLCT bands by ca. 0.2 eV in DMSO (Fig. 5) . Similar behaviour is observed also for the complexes cis-Ru II X 2 (4,4′-(CO 2 Et) 2 -2,2′-bpy) 2 (X = Cl‾ or NCS‾) in the same solvent [30] . More importantly, the MLCT bands of 7 and 14 are significantly redshifted and more intense when compared to those of N3 (Fig. 5) . The absorption of these new dyes covers the entire visible region (400-700 nm) and extends well into the near-IR (> 750 nm). Thus, incorporating pyridinium-substituted ligands significantly improves the absorption behaviour, an aspect potentially beneficial for DSSC applications.
Electrochemistry
Cyclic voltammetric data for 1-6 and 8-13 in acetonitrile are shown in Table 4 , and representative voltammograms in Fig. 6 . All of the complexes show quasi-reversible or reversible Ru III/II oxidation waves, together with irreversible ligand-based reductions. Within the dichloro (1-6) or dithiocyanato (8) (9) (10) (11) (12) (13) and 8-13 show generally poorly defined ligand-based reductive behaviour (Fig. 6 ).
However, the potentials vary significantly on changing the pyridinium substituent. As expected, on moving from an electron-donating Me to an electron-withdrawing 2-Pym group, the E pa value of the first reduction process increases significantly (by 460 mV) in both series.
The trend observed with respect to increasing acceptor strength of the pyridinium unit is similar to that for the cis-[Ru II (2,2′-bpy) 2 (R 2 qpy 2+ )] 4+ complexes [11] , and is reflected in the red-shifting of the MLCT bands (see above).
Crystallography
A single-crystal X-ray structure of the serendipitously obtained compound [ (4 (50% probability ellipsoids).
Theoretical Calculations
DFT and TD-DFT calculations were carried out by using Gaussian 03 [18] to probe the electronic structures and optical properties of the complexes in 7 and 14. The results of these calculations are presented in Table 4 .
On optimisation, the structures of the complexes in salts 7 and 14 (denoted 7′ and 14′) adopt a pseudo-octahedral geometry where the N py -Ru-N py angle is less than 80° within the chelate and ca. 100° outside it. Both complexes show a similar extent of twisting between the rings of each quaterpyridinium ligand. The dihedral angles range from 29-33° within the 4,4′-bpy units, while larger angles are observed between the phenyl rings and the adjacent pyridyl rings; 47-48° for 7′ and 51-52° for 14′. Table 4 Data obtained from TD-DFT calculations on the complexes 7′ (MPW1PW91/Def2-SVP) and
collection of higher energy transitions forms the band below 400 nm. For 14′, the low energy tail which extends up to 900 nm is well replicated by the TD calculation, although the shape of the profile at higher energy provides a less accurate fit. The low energy tail is again modelled by two transitions above 700 nm, which are significantly blue-shifted with respect to the equivalent ones in 7′ (see below). The main visible band is modelled by four dominant transitions between 500 and 650 nm, with several more transitions contributing to the overall shape. The high energy band below 400 nm comprises many transitions, although the energy of the predicted band is slightly red-shifted with respect to the experimental spectrum. contributing to the low energy absorption above 450 nm (isosurface value 0.03 au).
Photosensitization Studies
The two carboxylic acid-functionalised compounds, 7 and 14, were tested initially as sensitizers on TiO 2 electrodes. The current-voltage curves of the cells based on these dyes are shown in Fig. 11a , and the photovoltaic performance of the cells is summarised in Table   5 .
The performance of the TiO 2 -based cells fabricated with 7 and 14 is extremely poor when compared with the reference dye N719. Sensitization studies with 7 and 14 have been carried out also by using ZnO instead of TiO 2 electrodes. These two related semiconductor materials have significantly different characteristic parameters [35] . The dye immersion time for the ZnO-coated substrates was only 1 h (cf. 16 h for TiO 2 -coated substrates), as the chemical stability of ZnO is rather poor when compared to TiO 2 [36] . The current-voltage curves of the cells are shown in Fig. 11b , and the photovoltaic performance is summarised in Table 5 .
The photosensitizing performances of 7 and 14 are improved dramatically on ZnO when compared with TiO 2 electrodes (Table 5 ). This difference indicates that electron injection is more effective when the dyes are attached to ZnO surfaces. The overall efficiency of our new dyes is still an order of magnitude below that of N719, but the improvements observed are encouraging and indicate that changing other aspects of the cell could prove worthwhile. From the perspective of molecular design, significant scope exists to tune both the energy levels and the electron donor-acceptor coupling. For example, using N-(2-carboxyvinyl)-instead of N-arylpyridinium groups can be expected to enhance the electronic coupling and therefore electron injection into the semiconductor. Also, replacing the carboxylic acid groups with phosphonic acid or catechol anchoring units may prove beneficial [37] . have been tested as photosensitizers on TiO 2 -and ZnO-coated electrodes. Although the photovoltaic performance of these new sensitizers is disappointing, substantial improvements occur on moving from TiO 2 to ZnO. Inefficient electron injection is probably due to weak electronic coupling with the semiconductor surfaces, as indicated by the DFT-derived
Conclusion
LUMOs that feature no electron density near the carboxylic acid anchoring groups. It is also possible that the energetic alignment of the excited-state donor orbitals with the conduction band edges of the semiconductors may be non-ideal. Nevertheless, substantial scope exists for improving the sensitizing properties by judicious changes in the molecular structure, with the aim of maintaining and exploiting the highly attractive electronic absorption properties. 
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